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Abstract. DNA methylation is one of the essential epigenetic 
mechanisms that are closely correlated with the mechanisms 
underlying cell growth, differentiation and transformation 
in eukaryotes. Global changes in the epigenetic landscape 
are considered to be a hallmark of cancer. The initiation 
and progression of cancer are mediated through epigenetic 
modifications along with genetic alterations. Aberrant meth- 
ylation of promoter regions is an epigenetic abnormality of 
the human genome that is highly characteristic of cancer. In 
this review, we aimed to summarize our current understanding 
of the alterations in the epigenetic landscape and investigate 
the potential use of DNA and RNA methylation in effective 
molecular treatment strategies. 
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1. Introduction 

Complex diseases, such as malignant tumors and diabetes, 
are a common occurrence and represent a major public health 
concern. Despite the significant advances in cancer treatment, 
the overall cancer-related mortality is ~90%, due to late-stage 
diagnosis and failure to optimize treatment. Therefore, effec- 
tive biomarkers for cancer diagnosis are urgently needed. 

Cancers such as lung, colon and breast cancer are frequently 
diagnosed at a late stage. Despite intensified efforts focused 
on improving the survival of cancer patients, only a moderate 
improvement is generally achieved. Failure of early diagnosis 
often leads to low treatment efficiency and poor prognosis; 
thus, the identification of a signal characterizing the early 
stages of formation and progression of cancer may reduce the 
incidence of this disease (1). Early findings of clinical studies 
indicated that early detection may offer a variety of novel effi- 
cient and cost-effective opportunities for cancer treatment (2). 

The mechanisms underlying cancer development are 
complicated and cancer was originally perceived as a genetic 
disease. However, it was previously demonstrated that the initia- 
tion and progression of cancer involve epigenetic abnormalities, 
such as DNA methylation, histone modifications, nucleosome 
positioning and aberrant expression of non-coding RNAs, 
specifically microRNAs (3-7). The term 'epigenetics' was 
originally used by Waddington in 1939 to describe the causal 
interactions between genes and phenotype, including altera- 
tions in chromatin structure and their effects on gene function. 
DNA methylation is currently deemed to be one of the essential 
epigenetic mechanisms (8). Failure of proper maintenance of 
epigenetic marks may result in inappropriate activation or inhi- 
bition of various signaling pathways, leading to disease states, 
such as cancer. Aberrant DNA hypermethylation often occurs 
in the promoter regions of specific transcription factors that are 
involved in the formation and progression of malignant tumors. 
Accordingly, DNA methylation may be a biomarker of early 
cancer detection. In this study, we briefly reviewed the correla- 
tion between DNA methylation and early disease diagnosis. 

2. Epigenetics and DNA methylation 

Epigenomes comprise all genome-wide chromatin modifica- 
tions, including covalent modification of DNA via methylation. 



DONG et ai. DNA METHYLATION AS AN EARLY DIAGNOSTIC MARKER IN CANCER 



327 



histone modifications and regulation of small RNAs. Unlike 
DNA alterations that may constitute an inheritable mecha- 
nism, epigenetics represent a labile and dynamic mechanism 
for the regulation of cell-specific gene expression patterns, 
adaptation of response to environmental factors and mediation 
of disease development. It was demonstrated that epigenomic 
variability leads to susceptibility to disease, even among indi- 
viduals with identical genetic information (9). Epigenomes are 
potentially significant for the comprehensive understanding of 
cell development, tissue differentiation and disease biogenesis. 
In general, the process of epigenetics mainly refers to chro- 
matin structure alterations that comprise DNA methylation, 
histone modifications and RNA interference. DNA methyla- 
tion and histone modifications may modulate the interaction of 
c/i-acting elements with trans-acting factors and gene expres- 
sion. Various epigenetic experiments, involving genomic 
imprinting (10), manner of monoallelic expression (11) and 
high-throughput sequencing technology (12), are currently 
available and commonly used to gain insight into this phenom- 
enon. 

DNA methylation is a common epigenetic modification 
involving the methylation of 5'-cytosine residues by methyl- 
transferases and is often detected in the dinucleotides of CpG 
sequences. Approximately 70-80% of the CpG dinucleotides 
undergo methylation and are referred to as 'CpG islands', 
which are abundant in the human genome (13). Methylation 
is often localized in promoter regions and occasionally in 
transcriptional regulatory regions in mammals, plants and 
even prokaryotes (14,15). A number of studies indicated that 
DNA methylation is crucial in the regulation of transcriptional 
silencing and transcription potential (16,17). Aberrant meth- 
ylation of promoters in eukaryotic cells may lead to silencing 
of important genes, such as tumor suppressor genes, affecting 
their related transcriptional pathways and ultimately leading to 
the development of disease. 

3. Process of DNA methylation 

DNA methylation may be classified as hyper- and hypo- 
methylation, according to increased and decreased levels of 
genomic modification, respectively. Hypermethylation is an 
epigenetic alteration often leading to gene-inactivating dele- 
tions and translocations. Hypermethylated cells may exhibit 
a phenotype of drug-resistance (18) or malignant prolif- 
eration. Wu et al (19) demonstrated that 16 genes, including 
BMP4, POU4F3 and GDNF, are frequently hypermethylated 
in tumors. The other alteration is hypomethylation (reduced 
level or loss of methylation compared to that in normal cells). 
Chromosome remodeling or reactivation of transposable 
elements was generated via demethylation of exons and 
introns or repetitive DNA sequences. An increased number 
of DNA hypomethylation loci in CpGs was shown to increase 
chromosomal instability and oncogene activation. For 
example, the hypomethylation of LINE-1 and Alu retrotrans- 
posons is frequently associated with lung cancer (20), the 
hypomethylation of the mesothelin promoter may contribute 
to the development of malignant mesothelioma (21) and DNA 
hypermethylation was previously described in peritoneal 
mesothelioma (22). DNA hypomethylation per se may induce 
complex disease. However, a single specific mechanism asso- 



ciating DNA hypomethylation with cancer has not yet been 
identified. 

4. Detection methods of disease -associated DNA 
methylation 

Complicated diseases have been associated with the meth- 
ylation status. Previous studies on cardiovascular and 
neurodegenerative diseases, by Stenvinkel et al (23) and 
Obeid et al (24), respectively, reported that DNA methylation is 
involved in major human pathologies. Investigating the poten- 
tial and practical methods of DNA methylation is essential for 
determining whether there is an association between aberrant 
DNA methylation within CpG-rich sequences and cancer. 

Several different methods have been proposed for DNA 
methylation analysis and some of the advantages and disadvan- 
tages of the different approaches, particularly concentrating 
on genome-scale DNA methylation, were outlined based on 
enzymes combined with PCR methods. Conducting a DNA 
methylation analysis requires a highly precise and accurate 
determination of the methylation status. Several methods based 
on PCR have been developed to evaluate the methylation level 
of genes. Bisulphite treatment and PCR amplification are used 
for locus-specific detection. For example, a quantitative meth- 
ylation-specific PCR assay was developed for high-throughput 
analysis and a real-time assay for individual methylated targets. 
Assays of other useful techniques may be applied to genes 
with 5-methylcytosine (m5C). The distribution of m5C within 
DNA is unique and may be used for genome-scale methyla- 
tion analysis (25). For example, restriction landmark genome 
scanning was the first DNA methylation profiling technique 
that was widely used in identifying methylated loci in species 
or in a tissue-specific manner. Chromatin immunoprecipita- 
tion, based on microarray or next-generation sequencing, used 
antibodies or methyl-binding proteins for massive methylated 
DNA profiling. These powerful approaches provide accurate, 
reproducible and sensitive data in comprehensive methylation 
epigenomic and genomic typing. 

5. DNA methylation as a biomarker for early cancer 
diagnosis 

As a specific pattern of gene expression in mammals, DNA 
methylation is essential for tissue development. Abnormal 
DNA methylation commonly disrupts molecular signaling 
mechanisms and leads to the development of various diseases, 
such as cancer. DNA methylation was the first epigenetic alter- 
ation to be identified in cancer (26). Therefore, it is considered 
to be a hallmark of cancer, it is detected in several types of 
cancer cells, including colon, breast, ovarian and cervical 
cancer cells and is associated with alterations in specific gene 
expression. 

DNA methylation and cancer. The DNA methylation 
status is correlated with cancer and the methylation level 
is inversely correlated with mRNA expression levels. 
Jin et al (27) reported that the risk of Barrett's esophagus 
(BE) progressing into esophageal adenocarcinoma is 30- 
to 125-fold higher compared to the general population. 
Methylation assays were performed in 195 subjects with BE 
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Figure 1. 5-Methylcytosine (m5C) DNA and RNA residues in eukaryotes. 



to evaluate the methylation levels and frequencies of indi- 
vidual genes, including pl6, RUNX3, HPPl, NELLl, TACl, 
SST, AKAP12 and CDH13 and five of these genes (NELLl, 
TACl, SST, AKAP12 and CDH13) were found to harbour 
methylated sites (27). In breast cancer patients, the patterns 
of methylation of the ESRl and 14-3-3-a promoters were 
significantly different compared to healthy controls (28). 
Glockner et al (29) reported that methylation of the tissue 
factor pathway inhibitor 2 gene was frequently detected in 
171 samples from human colorectal cancers. Therefore, the 
aberrant methylation or hypermethylation of these promoters 
led to the dysregulated expression of cancer-related genes, 
facilitating the development of malignant tumors. In addition 
to the methylation of cancer-related genes, the genome-wide 
m5C levels of leukocyte DNA are also independently associ- 
ated with breast cancer. Choi et al (30) compared 176 breast 
cancer cases with 173 healthy controls and demonstrated that 
the m5C levels were significantly lower in breast cancer. 

DNA methylation associated with cancer diagnosis. The iden- 
tification of patients with organ-confined carcinoma is key 
to early-stage diagnosis of cancer. Common organ-confined 
cancers, such as lung, hepatic, breast, cervical, colorectal 
and genitourinary tract cancers, result in patient death due 
to the lack of effective clinical diagnosis. In these cancers, 
the methylation of the promoter regions of tumor suppressor 
genes, such as CDHl, APC, MGMT, RASSFIA, GSTPl, pl6 
and RAR-j32, affect the activity of tumor suppressor genes, 
typically leading to transcriptional silencing. A number 
of important genes that undergo silencing interfere with 
important cancer-related cell pathways. Thus, the aberrant 



methylation of the promoters of cancer-related genes may be 
deemed as a potential biomarker contributing to early cancer 
detection and prediction of prognosis. 

A series of novel DNA methylation biomarkers in the 
plasma and stool were developed for various detection 
purposes. Vimentin is transcriptionally silent in normal 
epithelia and aberrant vimentin expression has been used as 
a cancer marker in fecal DNA testing (31). In 2005, vimentin 
was licensed by the US Food and Drug Administration 
(FDA) for colorectal cancer (CRC) diagnosis. Another 
CRC-related gene, SEPT9, is commonly detected in the 
plasma of patients with primary CRC and was submitted to 
the FDA for marketing application in 2010 as a molecular 
marker for early clinical stage CRC. SEPT9 as a DNA meth- 
ylation biomarker was also associated with breast cancer; 
Gonzalez et al (32) indicated that increased SEPT9 expres- 
sion may contribute to the pathogenesis of certain types of 
breast cancer. Another potential biomarker for breast cancer 
is the methylation of PITX2. The evaluation of the PITX2 
methylation status among different breast cancer patient 
populations successfully increased the outcome prediction 
performance. Harbeck et al (33) investigated PITX2 methyla- 
tion in 399 breast cancer specimens and identified low-risk 
patients with hormone receptor-positive and node-negative 
disease. Hartmann et al (34) also analyzed the DNA meth- 
ylation levels of PITX2 in 241 breast cancer specimens and 
concluded that methylation of PITX2 was correlated with 
clinical outcome. Hrasovec et al (35) reported that the altera- 
tions of CpG sites in TMEM25 were correlated with CRC, 
with TMEM25 hypermethylation possibly playing a signifi- 
cant role in altering the expression of this gene in CRC. 
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6. Conclusion 

The elucidation of the mechanisms that underlie DNA meth- 
ylation changes in cancer cells may help identify a number 
of cancer-specific methylation markers, assisted by promising 
detection methods, ultimately resulting in optimized clinical 
applications. The realization that DNA methylation may be 
involved in human malignancies and is ubiquitous in human 
diseases is likely to promote the development of novel diag- 
nostic, preventive and therapeutic strategies. 

The association between methylation and heredity is 
currently an emerging research topic. The presence of 
modified m5C affecting the phenotype of the offspring may 
be parentally inherited. Carone et al (36) indicated that 
parental diet may affect cholesterol and lipid metabolism 
in the offspring, defined a model system to study the envi- 
ronmental reprogramming of the heritable epigenome and 
concluded that epigenetic information may be inherited and 
represents environmental information. In another aspect, 
epigenetic information is one of the main areas of interest 
for the development of non-invasive prenatal diagnosis. 
Papageorgiou et al (37) reported the presence of epigenetic 
differences between placental and peripheral blood and 
identified a large number of previously unreported fetal 
epigenetic molecular markers that have the potential of being 
developed into targets for non-invasive prenatal diagnosis. 
Zhao et al (38) considered hypermethylated RASSFIA to 
be an epigenetic marker for the detection of fetal DNA in 
maternal plasma. Epigenetic information passed from parent 
to offspring and DNA methylation from gametes was shown 
to be predominantly maternal (39). Similar mechanisms 
maintaining the imprinted and non-imprinted methylation 
passed on from the mother represent an interesting focus of 
investigation and may be clinically applied for non-invasive 
prenatal diagnosis. Wang et al (40) recently reported that the 
hypermethylation status of the testis derived transcript gene 
promoter may represent a valuable prognostic marker for 
glioblastoma. 

The modified DNA m5C that extensively occurs within the 
genome was extensively investigated over the last few decades; 
however, numerous putative methylated RNAs have been 
identified and characterized, regarding location, mechanism 
of formation and cellular function (41). Additional character- 
ization of specific RNA methyltransferase enzymes and the 
association between DNA and RNA methylation is yet to be 
investigated (42). In eukaryotes, the majority of m5C methyl- 
transferases are predicted to be nuclear or nucleolar proteins, 
which corresponds well to their functions in tRNA and rRNA 
processing (Fig. 1) (43). The expression of the human Trm4 
(hTrm4) cDNA in yeast was identified, the first human gene 
encoding tRNA methylase responsible for the methylation 
of hTrm4 (44). Various regulatory RNAs, coding RNAs and 
newly discovered RNAs obtained based on high-throughput 
sequencing techniques may help elucidate the mechanisms of 
epigenetic s (45). 
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